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13 C (1) ‫؍‬ 1.3 G), indicating that the MNP adduct resulted from trapping a carbon-centered radical located on the aromatic ring of L-tyrosine. This same eight-line spectrum was observed when human myeloperoxidase or bovine lactoperoxidase was substituted for horseradish peroxidase. Furthermore, a partially immobilized MNP/tyrosyl radical spin adduct was detected when we exposed a synthetic polypeptide composed of glutamate and L-tyrosine residues to the myeloperoxidase-H 2 O 2 -Ltyrosine system. The broadened EPR signal resulting from this MNP/polypeptide adduct was greatly narrowed by proteolytic digestion with Pronase, confirming that the initial spin-trapped radical was proteinbound. Collectively, these results indicate that peroxidases use H 2 O 2 to convert L-tyrosine to free tyrosyl radical. They also support the idea that free tyrosyl radical initiates cross-linking of L-tyrosine residues in proteins. We suggest that this pathway may play an important role in protein and lipid oxidation at sites of inflammation and in atherosclerotic lesions.
Phagocytic white blood cells generate partially reduced oxygen species, which play a critical role in host defenses against invading microorganisms (1) (2) (3) . This well established pathway involves a membrane-associated NADPH oxidase and the secreted heme enzyme myeloperoxidase. The oxidase converts oxygen to superoxide, which dismutates to hydrogen peroxide (H 2 O 2 ). Myeloperoxidase then converts H 2 O 2 into more potent microbicidal oxidants. This process has a deleterious side, however, because these reactive species can also damage host tissue at sites of inflammation. Indeed, many lines of evidence implicate phagocytes in diseases ranging from ischemia-reperfusion injury to cancer to atherosclerosis (4) .
A high level of LDL, 1 the major carrier of blood cholesterol, is one important risk factor for atherosclerosis (5) . In vitro studies suggest that this lipoprotein must be oxidized to mimic the events that contribute to the pathogenesis of this disease (6 -8) . Moreover, oxidized LDL is present in animal and human atherosclerotic vascular lesions (9, 10) , and lipid-soluble antioxidants retard atherosclerotic plaque development in hypercholesterolemic animals (11) (12) (13) . The pathways that promote LDL oxidation in vivo, however, have not yet been identified (14) . One mechanism may involve myeloperoxidase, which is active in human atherosclerotic tissue (15) . Immunohistochemical studies reveal that the enzyme co-localizes in part with lipidladen macrophages, the cellular hallmark of the early atherosclerotic lesion (15) .
Myeloperoxidase cannot directly oxidize large molecules such as LDL because its active site is buried in a hydrophobic cleft (1) (2) (3) . Instead, it relies on low molecular weight intermediates to convey oxidizing equivalents from its heme group to its target. One of these potential oxidizing intermediates is derived from L-tyrosine, a phenolic amino acid (16, 17) . When LDL is exposed to myeloperoxidase, H 2 O 2 , and L-tyrosine, its lipids are peroxidized (18) and its L-tyrosine residues are crosslinked into o,oЈ-dityrosine residues (16, 19) . We recently detected a remarkable 100-fold greater concentration of o,oЈ-dityrosine in LDL isolated from human atherosclerotic tissue than in circulating LDL (19) . This raises the possibility that myeloperoxidase converts L-tyrosine to a freely diffusible, low molecular weight oxidizing intermediate in vivo and that this reactive species plays a critical role in the pathogenesis of vascular disease.
The oxidizing intermediate derived from L-tyrosine has not yet been identified. In vitro studies suggest that it may be tyrosyl radical, because the reactions of myeloperoxidase, H 2 O 2 , and L-tyrosine show a striking resemblance to those of the phenoxyl radical (16, 17) . For example, the myeloperoxidase system generates a spectrum of stable products (o,oЈ-dityrosine, trityrosine, pulcherosine, and isodityrosine) that could result from radical-radical coupling at the predominant sites of electron density on the oxygen and aromatic carbons (20) . A second possibility is that the coupling reaction could proceed through an ionic mechanism, generating a reactive cation.
These two potential mechanisms are outlined in Scheme 1. Pathway A is an ionic mechanism involving an initial twoelectron oxidation of L-tyrosine. Through an electrophilic reaction, the resulting -cation attacks a second molecule of Ltyrosine to generate o,oЈ-dityrosine. Pathway B is a radical mechanism involving a one-electron oxidation. Two tyrosyl radicals then combine to form o,oЈ-dityrosine.
We now report direct evidence using electron paramagnetic resonance (EPR) spectroscopy that myeloperoxidase and other peroxidases generate free tyrosyl radical from L-tyrosine, strongly suggesting that o,oЈ-dityrosine forms via a radical mechanism, pathway B. We have also shown that this radical serves as a diffusible catalyst that cross-links tyrosyl residues in proteins. These observations have important implications for the mechanism of o,oЈ-dityrosine formation in vivo. Our results also indicate that free tyrosyl radical might be an agent of damage at sites of inflammation.
EXPERIMENTAL PROCEDURES

Materials
Horseradish peroxidase, H 2 O 2 , lactoperoxidase, 2-methyl-2-nitrosopropane (MNP), catalase, 3-aminotriazole, L-tyrosine, and the synthetic, random sequence polypeptide E-Y (glutamate/tyrosine; 4:1, mol/ mol; catalog no. P0275) were obtained from Sigma. Human myeloperoxidase was provided by Dr. William M. Nauseef (University of Iowa, Iowa City, IA). Cambridge Isotope Laboratories (Andover, MA) supplied uniformly ring-labeled L-[ 13 C 6 ] tyrosine. Mass spectrometric analysis confirmed that the isotopic purity of the compound was Ͼ98%.
Methods
Tyrosine Oxidation-All reactions were performed at room temperature in Buffer A (50 mM Na 2 HPO 4 , 100 M diethylenetriaminepentaacetic acid, pH 8). Phosphate buffer was treated with Chelex 100 analytical grade resin (Bio-Rad); diethylenetriaminepentaacetic acid was then added to chelate residual redox active metals (21) .
EPR Spectroscopy-EPR spectra were obtained at room temperature using a Bruker model ESP 300 EPR spectrometer equipped with a TM 110 cavity. Instrument settings were as follows: receiver gain, 2.5 ϫ 10 5 ; microwave power, 20 milliwatts; modulation frequency, 100 kHz; modulation amplitude, 1.056 G; sweep rate, 1.9 G/s; and response time, 0.6 s.
Spin trapping experiments used MNP, a nitroso compound that effectively reacts with carbon-centered radicals (22) . MNP was dissolved in Buffer A in the dark to a concentration of 20 mM. It is important to note that MNP solutions have an inherent three-line background spectra (a N ϭ 16.87 G) due to the light-induced formation of the MNP-derived spin adduct, di-tert-butylnitroxide (22) . To minimize formation of these artifactual EPR signals, MNP solutions were kept in foil-covered tubes, and room lights were kept to a minimum. Solid L-tyrosine or L-[ 13 C 6 ]tyrosine was dissolved in the MNP solution to a final concentration of 2 mM.
For detection of free tyrosyl radical, an aqueous flow cell was used in the EPR spectrometer. Solutions were infused at a rate of 2 ml/min using a Harvard double syringe infusion pump (model 944). One syringe (50 ml) contained horseradish peroxidase (3 mg/ml in Buffer A), and the other (50 ml) contained H 2 O 2 (3 mM in Buffer A). Both buffers contained 2 mM L-tyrosine, yielding a final concentration in the flow cell of 1.5 mg/ml horseradish peroxidase, 1.5 mM H 2 O 2 , and 2 mM L-tyrosine. The EPR spectrometer was set to acquire and signal average for 45 scans (41 s/60-G scan).
Peroxidase Modification of Synthetic Polypeptides-A synthetic polypeptide containing glutamic acid and L-tyrosine in a 4:1 (mol/mol) ratio, (E-Y, molecular mass 20,000 -50,000 Da) was dissolved in Buffer A containing 20 mM MNP and then exposed to either the myeloperoxidase-or horseradish peroxidase-H 2 O 2 -L-tyrosine system described above. After a 15-min incubation at room temperature, samples were subjected to EPR analysis. Concurrent with this EPR analysis, a portion of the reaction mixture was subjected to size exclusion chromatography using a DG10 column (Bio-Rad) equilibrated with Buffer A. This step removes any low molecular mass (Ͻ10,000 Da) components, including free L-tyrosine, MNP, H 2 O 2 , and free MNP/tyrosyl radical spin adducts. The eluate, containing peroxidase, polypeptide E-Y, and MNP/ tyrosyl radical adducts on polypeptide E-Y, was subjected to EPR analysis. The formation of a faint brown color in the complete systems, probably due to o,oЈ-dityrosine formation, facilitated identification of the fractions containing high molecular weight components. A portion of this eluate was treated with Pronase (1 mg/ml; Calbiochem) for 15 min at room temperature and subsequently analyzed by EPR.
RESULTS
EPR Spin
Trapping of Tyrosyl Radical-In the presence of H 2 O 2 , myeloperoxidase can oxidize L-tyrosine, leading to the formation of o,oЈ-dityrosine (17), a reaction that might proceed through either a free tyrosyl radical or an ionic intermediate (Scheme 1). To determine whether tyrosyl radical might play a role in o,oЈ-dityrosine generation by this system, we used an EPR spin trapping system containing the nitroso spin trap MNP. MNP solutions typically demonstrate a small three-line background spectra (a N ϭ 16.9 G) due to the light-induced formation of di-tert-butylnitroxide ( Fig. 1A) (22) . Exposure of L-tyrosine to the myeloperoxidase-H 2 O 2 system in the presence of MNP yielded the larger, narrower (a N ϭ 15.6) three-line spectrum, consistent with formation of the MNP/tyrosyl radical spin adduct (Fig. 1B) . Removal of either L-tyrosine (Fig. 1C ) or H 2 O 2 ( Fig. 1D ) from the system led to spectra showing only the background di-tert-butylnitroxide signal, demonstrating the requirement for these factors in formation of the MNP spin adduct. Inclusion of the myeloperoxidase inhibitor azide (2 mM) also prevented tyrosyl radical formation (Fig. 1E) , illustrating the requirement for active peroxidase in this process. Importantly, the addition of 150 mM NaCl did not appreciably decrease the MNP/tyrosyl radical signal observed, suggesting that myeloperoxidase can form tyrosyl radical in the presence of physiological levels of chloride ion (a known substrate for myeloperoxidase). These EPR spin trapping studies demonstrate that myeloperoxidase is capable of oxidizing tyrosine to tyrosyl radical by a process dependent on H 2 O 2 and active peroxidase.
To provide further evidence that peroxidases generate free SCHEME 1 tyrosyl radical, we repeated the spin trapping experiments outlined above with horseradish peroxidase. The horseradish peroxidase-H 2 O 2 -L-tyrosine-MNP system yielded the same three-line MNP/tyrosyl radical spin adduct as the myeloperoxidase system ( Fig. 2A) . As before, the removal of peroxidase (Fig. 2B ) or H 2 O 2 ( Fig. 2C ) left only the MNP background signal. Interestingly, when L-tyrosine was removed from this system, the resulting spectrum lacked the di-tert-butylnitroxide background spectrum (Fig. 2D ), suggesting that this species is unstable in the horseradish peroxidase-H 2 O 2 system. Again, the di-tert-butylnitroxide background spectrum could be seen when azide was included in the reaction mixture (Fig. 2E ). These experiments demonstrate that the horseradish peroxidase-H 2 O 2 system can also lead to L-tyrosine oxidation and formation of MNP/tyrosyl radical spin adducts. Substitution of 13 C ring-labeled L-tyrosine for L-tyrosine provides confirmation that the species responsible for the EPR spectrum generated by myeloperoxidase was tyrosyl radical, because 13 C has a spin of 1 ⁄2 compared with the 12 C spin of 0. Fig. 3A represents the same three-line MNP/tyrosyl radical spectra seen above with the myeloperoxidase-H 2 O 2 -L-tyrosine system. When L-[ 13 C 6 ]tyrosine was added to this system in place of nonisotopically labeled L-tyrosine, a distinct eight-line spectrum was observed (Fig. 3B) . The resulting spectrum for the MNP/[
from that seen with the same system in the presence of nonisotopic L-tyrosine. This eight-line spectrum was also seen when lactoperoxidase or horseradish peroxidase replaced myeloperoxidase in the presence of L-[ (23) . We used this same experimental approach to demonstrate that a peroxidase-H 2 O 2 system converts free tyrosine into tyrosyl radical (Fig. 4A) . In these experiments, no spin trap is added, and the resulting signal is representative of free tyrosyl radical. Horseradish peroxidase was employed for these studies because it is available in large quantities. Generation of tyrosyl radical required all of the components of the complete horseradish peroxidase-H 2 O 2 -L-tyrosine system; no EPR spectrum was observed when L-tyrosine (Fig. 4B) , horseradish peroxidase (Fig. 4C) , or H 2 O 2 (data not shown) was omitted. To confirm the identity of the enzymatically generated radical species, we oxidized L-tyrosine chemically with KMnO 4 . The resulting signal (Fig. 1D) was virtually identical to that generated by the horseradish peroxidase-H 2 O 2 -L-tyrosine system. Computer simulation of the enzymatically generated tyrosyl radical yielded EPR splitting constants of a 2, 6 H ϭ 6.3 G, a 3, 5 H ϭ 1.6 G, and a ␤ H ϭ 15.0 G (Fig. 4E) , consistent with those previously reported for the chemically oxidized free tyrosyl radical (23) . It is important to note that the assignment of 15.3 G to the ␤-hydrogens at C-7 assumes equivalency for these nonidentical protons. Line broadening at ambient temperatures yields the apparent coupling value (15.3 G), which is actually the sum of the couplings of these nonidentical protons (23) . These results provide direct evidence for the peroxidasedependent formation of freely diffusible tyrosyl radical.
Formation of Protein-bound Tyrosyl Radical-Previous studies have demonstrated that o,oЈ-dityrosine cross-linking of proteins by myeloperoxidase requires active enzyme, H 2 O 2 , and free L-tyrosine (16, 19) . The requirement for free L-tyrosine in protein o,oЈ-dityrosine cross-linking suggests that a low molecular weight oxidizing species produced by myeloperoxidase from L-tyrosine might be acting as a diffusible radical catalyst. This diffusible species could then react with tyrosine residues on proteins, generating protein-bound tyrosyl radicals that would form o,oЈ-dityrosine cross-links. Our results demonstrating that various peroxidases convert free L-tyrosine into tyrosyl radical implicate this reactive intermediate as the diffusible oxidant produced by myeloperoxidase.
To investigate whether free tyrosyl radical generated by myeloperoxidase and H 2 O 2 could react with protein to yield protein-bound tyrosyl radical, we exposed a synthetic polypeptide containing glutamate and L-tyrosine (E-Y polypeptide, molecular mass 20,000 -50,000 Da) to the myeloperoxidase-H 2 O 2 -L-tyrosine system in the presence of MNP. When this sample was subjected to EPR analysis, we observed an isotropic threeline spectrum, consistent with formation of free MNP/tyrosyl radical (Fig. 5A) , with slightly broadened peaks and a shoulder on the high field peak between 3480 and 3485 Gauss. This is consistent with a fraction of the MNP/tyrosyl radical spin adducts being unable to rotate freely, suggesting that these adducts were bound to the E-Y polypeptide.
To determine whether MNP spin adducts were present on the E-Y polypeptide, the reaction mixture was fractionated by size exclusion chromatography. EPR analysis of the fraction containing the reisolated polypeptide yielded a spectrum characteristic of an immobilized nitroxide (Fig. 5B) . Note that the spectrum in Fig. 5A and the dominant three-line spectrum seen in Fig. 5B exhibit the same g values and hyperfine splitting constants; however, the high field peak in the spectrum of the fraction following size exclusion chromatography (Fig. 5B) was markedly broadened compared with that of the complete reaction mixture (Fig. 5A) . Formation of the immobilized MNP polypeptide adducts required the presence of free tyrosine as well as MNP, active enzyme, H 2 O 2 , and polypeptide (data not shown).
To provide further evidence that the immobilized nitroxide adduct was formed on tyrosine residues of the E-Y polypeptide, the high molecular weight fraction containing the reisolated peptide was subjected to nonspecific proteolysis with Pronase, and the digest was subjected to EPR analysis. The resulting EPR signal of the Pronase-treated sample (Fig. 5C ) was nearly isotropic and similar to that of the myeloperoxidase-MNP/Ltyrosine-H 2 O 2 -E-Y polypeptide system (Fig. 5A) . These findings strongly suggest that MNP/tyrosyl spin adducts are formed with tyrosine residues in the E-Y polypeptide. The requirement for free tyrosine implies that tyrosyl radical generated by myeloperoxidase is catalyzing the formation of tyrosyl radical on the polypeptide.
We also determined whether horseradish peroxidase would form tyrosyl radical on the E-Y polypeptide. As with myeloper- oxidase, EPR analysis of the complete horseradish peroxidase-MNP/L-tyrosine-H 2 O 2 -E-Y polypeptide system revealed the formation of a slightly broadened three-line spectrum (Fig. 6A) . EPR analysis of polypeptide E-Y isolated by size exclusion chromatography again showed the immobilized nitroxide spectrum (Fig. 6B) . Treatment of the polypeptide with Pronase yielded a nearly isotropic three-line spectrum (Fig. 6C) .
Previous studies have shown that horseradish peroxidase will directly oxidize protein-bound tyrosyl residues to o,oЈ-dityrosine. Consistent with these observations, horseradish peroxidase also generated MNP/tyrosyl radical spin adducts on polypeptide E-Y in the absence of free tyrosine (data not shown). Immobilized MNP adducts were also observed when horseradish peroxidase was incubated together with H 2 O 2 and MNP alone, strongly suggesting that MNP/tyrosyl radical adducts were formed on the peroxidase itself. In contrast, MNP/ tyrosyl radical adducts were undetectable in the myeloperoxidase system when free L-tyrosine was omitted from the reaction mixture, implying that the nitroxide spin adduct was generated on the synthetic polypeptide by a reaction that required free tyrosine and active peroxidase.
DISCUSSION
In the present report, we provide direct evidence that myeloperoxidase, lactoperoxidase, and horseradish peroxidase use H 2 O 2 to convert free L-tyrosine into tyrosyl radical, a diffusible species that can react with tyrosine residues on proteins and lead to protein o,oЈ-dityrosine cross-linking. The spin trapping reagent MNP reacted with radical intermediates generated by each of the peroxidase-H 2 O 2 -L-tyrosine systems to yield a spin adduct, demonstrating a characteristic isotropic three-line EPR spectrum. Generation of the EPR spectrum by peroxidase required free L-tyrosine, suggesting that free tyrosyl radical was being generated. The myeloperoxidase-dependent reaction was not inhibited by plasma levels of NaCl, an alternative substrate for oxidation by the enzyme, suggesting that myeloperoxidase may promote the formation of tyrosyl radical in vivo.
To further demonstrate that myeloperoxidase and the other peroxidases generate tyrosyl radical, we examined the EPR spectrum of ring-labeled L-[ 13 C 6 ]tyrosine oxidized by the different enzymes. When ring-labeled L-[ 13 C 6 ]tyrosine was substituted for L-tyrosine in each of the peroxidase-H 2 O 2 -MNP systems, an eight-line spectrum replaced the three-line spectrum. The appearance of additional hyperfine splitting in the EPR spectrum of the MNP spin adduct indicates that the radical site is located on the aromatic ring of L-tyrosine, strongly suggesting that free tyrosyl radical is generated by myeloperoxidase and the other enzymes.
EPR spectroscopy using a flow cell provided direct evidence of free tyrosyl radical formation by the horseradish peroxidase-H 2 O 2 -L-tyrosine system. Formation of tyrosyl radical required each of the components of the reaction system and was not observed when horseradish peroxidase, H 2 O 2 , or L-tyrosine was omitted from the reaction mixture. The EPR spectrum generated by enzymatic oxidation of L-tyrosine by peroxidase was essentially identical to that generated by direct one-electron oxidation of L-tyrosine by KMnO 4 (23) . Moreover, a computer simulation using splitting constants of a 2,6 H ϭ 6.3 G, a 3,5 H ϭ 1.6 G, a ␤ H ϭ 15.0 G yielded a spectrum that was essentially identical to that seen with the enzymatic system. These results provide unambiguous evidence that horseradish peroxidase converts free L-tyrosine to tyrosyl radical by a reaction requiring H 2 O 2 .
Previous studies indicate that human phagocytes use myeloperoxidase and H 2 O 2 to convert L-tyrosine into a family of L-tyrosine oxidation products, including o,oЈ-dityrosine, pulcherosine, isodityrosine, and trityrosine (17, 20) . Oxidizing intermediates generated in these reactions also generate o,oЈ-dityrosine cross-links in proteins and stimulate the peroxidation of LDL lipids (16, 18, 24) . Crystallographic studies of myeloperoxidase indicate that the heme group of the enzyme is located deep within the enzyme's core (3). These observations, together with the results of the current studies, suggest that myeloperoxidase acts on tyrosine residues of proteins and LDL lipids by converting free L-tyrosine into tyrosyl radical, which serves as a freely diffusible, low molecular weight radical catalyst. This species then attacks protein tyrosine residues, converting them to tyrosyl radical. Additional reactions lead to o,oЈ-dityrosine formation or protein o,oЈ-dityrosine cross-linking.
To test this hypothesis, we exposed an L-tyrosine-rich, synthetic polypeptide to either myeloperoxidase or horseradish peroxidase in the presence of H 2 O 2 , L-tyrosine, and the spin trap MNP. Following isolation of the polypeptide by size exclusion chromatography, the three-line MNP/tyrosyl radical spectrum was greatly broadened, suggesting formation of an immobilized adduct. This observation suggested that tyrosine residues on the polypeptide had been oxidized to tyrosyl radicals that subsequently reacted with MNP. This hypothesis was strongly supported by the demonstration that the broadened, nonisotropic three-line spectrum became nearly isotropic after the polypeptide was digested to low molecular weight peptides and free amino acids with a nonspecific protease.
Protein o,oЈ-dityrosine cross-linking is commonly found in cell wall proteins that are modified after translation, as in bacterial and plant cell walls, yeast spore coats (25) , and the fertilization envelope of sea urchin embryos (26) . In all cases where the biochemical mechanism is known, the reaction involves a heme protein and takes place in the absence of free FIG. 6 . EPR spectra of proteinbound MNP/tyrosyl radical spin adducts formed by the horseradish peroxidase-H 2 O 2 -L-tyrosine system. A, synthetic polypeptide E-Y (1 mg/ml; glutamate/tyrosine, 1:1, mol/mol), horseradish peroxidase (HRP; 200 g/ml), H 2 O 2 (1.5 mM), L-tyrosine (2 mM), and MNP (20 mM); B, sample as described in A, reisolated by size exclusion chromatography as described under "Methods"; C, sample as described in B, subjected to digestion with Pronase (1 mg/ml). Reactions were initiated by the addition of H 2 O 2 . Spectra shown are representative of three independent experiments.
tyrosine. High concentrations of horseradish peroxidase and H 2 O 2 form o,oЈ-dityrosine cross-links in proteins in vitro (27) . Also, protein-bound tyrosyl radical has been detected by EPR spin trapping in cytochrome c exposed to H 2 O 2 (28) . Collectively, these observations strongly suggest that the mechanism involves the direct oxidation of protein-bound L-tyrosine residues by a heme protein. In contrast, myeloperoxidase requires free L-tyrosine to generate o,oЈ-dityrosine in proteins, implying that a species derived from L-tyrosine is the actual oxidizing intermediate. Our results strongly implicate tyrosyl radical as the reactive species.
Although this study suggests that coupling of tyrosyl radicals generates o,oЈ-dityrosine, the reaction pathway that generates tyrosyl radical is not yet established. The mechanism could involve hydrogen atom abstraction from L-tyrosine, or it could be a one-electron oxidation of the phenolate anion (Scheme 2). The latter may be kinetically favored, because alkaline pH is optimal for the formation of o,oЈ-dityrosine by horseradish peroxidase and myeloperoxidase (17) . These conditions favor loss of a proton from the hydroxyl group, as would happen in a one-electron oxidation of the phenolate anion.
Based on our observations, peroxidase chemistry, and the crystal structure of myeloperoxidase (1-3, 16 -20) , we propose that compound I, a strongly oxidizing complex of peroxidase and H 2 O 2 , converts L-tyrosine into tyrosyl radical as follows. Tyrosyl radical then diffuses out of the active site of the enzyme, where it subsequently undergoes a number of possible reactions. One involves a radical-radical recombination reaction between two tyrosyl radicals, generating o,oЈ-dityrosine, isodityrosine, and other products. Tyrosyl radical might also attack other readily oxidized substrates like vitamin E and polyunsaturated fatty acids, initiating lipid peroxidation (18, 29, 30) .
Tyrosyl radical ϩ vitamin E N L-Tyrosine ϩ tocopheryl radical REACTION 4 Alternatively, it might exchange a hydrogen atom or electron with protein-bound L-tyrosine, forming protein-bound tyrosyl radical and regenerating L-tyrosine (16, 24) .
Tyrosyl radical ϩ protein-tyrosine N L-Tyrosine ϩ protein-tyrosyl radical REACTION 5 Our detection of MNP bound to the synthetic polypeptide strongly supports this hypothesis and further suggests that tyrosyl radical is the true intermediate in the reaction. The protein-bound tyrosyl radical might then react with free tyrosyl radical or a second protein-bound tyrosyl radical to generate a protein-bound o,oЈ-dityrosine cross-link. Experiments with radiolabeled free L-tyrosine suggest that the predominant reaction involves free tyrosyl radical in solution (24) .
Protein-tyrosyl radical ϩ tyrosyl radical
3 Protein o,oЈ-dityrosine cross-links REACTION 6 The direct demonstration that peroxidases generate free tyrosyl radical may have important implications for the mechanism of tissue damage by activated phagocytes at sites of inflammation. Myeloperoxidase is present in atherosclerotic lesions, a chronic inflammatory condition (15) . Protein-bound levels of o,oЈ-dityrosine are greatly elevated in atherosclerotic tissue and in LDL isolated from such lesions (19) . Therefore, L-tyrosine may be an important substrate for myeloperoxidase. The resulting tyrosyl radical may render LDL atherogenic by peroxidizing its lipids and cross-linking its proteins. This connection between myeloperoxidase and L-tyrosine oxidation raises the possibility that the enzyme plays a key role in vascular tissue damage at sites of inflammation. Moreover, it is likely that heme proteins also oxidize L-tyrosine to tyrosyl radical in other biological systems.
